1. Introduction {#sec1-vaccines-06-00043}
===============

The implementation of routine vaccination programmes across the globe in the last 70 years has been a major factor in mortality reduction associated with infectious disease. Whilst smallpox is the only infectious disease to have been eradicated through vaccination, the current anti-polio campaign will hopefully do likewise for poliomyelitis in the coming years. Vaccination programmes against other infectious diseases such as measles, influenza, meningitis and yellow fever have afforded markedly reduced mortality rates from these diseases compared with the pre-vaccination era, although these diseases are still prevalent within populations. More recently, the use of vaccines in outbreak situations such as the 2014--2016 Ebolavirus disease (EVD) outbreak in West Africa \[[@B1-vaccines-06-00043]\] and from May 2018 the use of vaccination to help prevent the spread of another EVD outbreak in DRC \[[@B2-vaccines-06-00043]\] have highlighted the importance of vaccines for the prevention of future epidemics.

Most licensed vaccines mediate protection by eliciting functional antibody responses against the pathogen in question. As a result, assays such as ELISA (or neutralisation assays) which measure immunoglobulin titre are used for licensure and are standardised \[[@B3-vaccines-06-00043]\]. However, producing efficacious vaccines against more complex pathogens, especially intracellular bacteria such as *Salmonella enterica*, viruses such as HIV and parasites such as malaria, has proven challenging. For such pathogens, functional antibody is insufficient to provide protection and, therefore, a T-cell vaccine, which induces a memory response able to kill infected cells, is an attractive alternative or complementary approach \[[@B4-vaccines-06-00043]\]. Generating antigen-specific CD8^+^ T-cells, which kill cells infected by the pathogen against which vaccination is targeted, is a major goal. However, the "helper" role of CD4^+^ T-cells in antibody production and cytokine production is also important, and must also be quantified in T-cell vaccine development \[[@B3-vaccines-06-00043],[@B4-vaccines-06-00043]\]. Recently, cytotoxic CD4^+^ T-cells, which kill target cells in an MHC-restricted fashion, have been identified in both mouse and humans with chronic viral infections \[[@B5-vaccines-06-00043]\]; therefore, this T-cell subset is also important.

Immunology as a science in its own right was established around 100 years after the advent of vaccinology \[[@B6-vaccines-06-00043]\]. In recent years, basic research in deciphering the cellular and humoral immune responses has advanced our knowledge of immunology. Despite this, cellular immune responses required for T-cell vaccine efficacy are difficult to define as T-cell phenotype and patterns of cytokine secretion which lead to efficacy are not well understood. In addition, mechanisms by which long term cellular immunity are maintained are not fully understood; perhaps involving the recruitment of naïve cells rather than the division of existing memory T-cells \[[@B7-vaccines-06-00043],[@B8-vaccines-06-00043],[@B9-vaccines-06-00043]\].

Therefore, selecting T-cell readouts to measure in pre-clinical vaccine studies and clinical trials to assess vaccine immunogenicity and efficacy requires careful consideration. Identification of T-cell-mediated surrogates of protection, where a certain quantifiable parameter correlates with protective efficacy through an unknown protective response, would aid progress of T-cell vaccines, such as those for HIV \[[@B10-vaccines-06-00043]\] and TB \[[@B11-vaccines-06-00043]\], toward licensure. However, identifying such parameters remains challenging without a clear understanding of the immunological mechanisms by which a T-cell-mediated response induces protection \[[@B12-vaccines-06-00043]\]. T-cell phenotype, breadth of response, cytokine secretion, cytotoxic killing and proliferation ability are typical parameters measured in vaccine studies. One way to identify and better understand the cell-mediated immune response to vaccination and pinpoint responses that correlate with efficacy is to use novel methods to assess immunogenicity in pre-clinical studies and to transfer these assays into clinical trials. Such methods can utilise a system's biology approach, using 'omics' rather than focusing on single cytokine responses \[[@B11-vaccines-06-00043]\].

Here we review techniques to assess memory T-cell responses to vaccination. We discuss the technical challenges in the assessment of vaccine-induced T-cell immunogenicity from preliminary pre-clinical studies to late stage clinical trials: from mouse to man.

2. Memory T-Cells {#sec2-vaccines-06-00043}
=================

Much of our knowledge regarding memory T-cell subsets has been derived from mouse studies over the past two decades \[[@B13-vaccines-06-00043]\]. Upon antigen exposure, naïve T-cells differentiate into central memory (T~CM~) within lymphoid tissues and effector memory (T~EM~) within peripheral tissues. Both T~CM~ and T~EM~ subsets circulate in the blood \[[@B14-vaccines-06-00043]\]. Tissue resident memory T-cells (T~RM~) have been suggested to differentiate from T~EM~ and are found in non-lymphoid tissues such as skin, intestine and liver. These memory T-cell subsets have been extensively reviewed elsewhere \[[@B15-vaccines-06-00043],[@B16-vaccines-06-00043],[@B17-vaccines-06-00043]\] and it is beyond the scope of this review to discuss them in further detail here.

3. T-Cell-Inducing Vaccines {#sec3-vaccines-06-00043}
===========================

Ideally, a T-cell vaccine would induce long-lived memory T-cells in sufficient numbers and of a correct phenotype to enable clearance of the pathogen before it causes severe disease. Defining what memory T-cell response is required for inducing protection using vaccine X is challenging. Whilst T~EM~ and T~CM~ subsets can be assessed after vaccination, the threshold which may be required for protection is unknown. Evidence for T~RM-~mediated protection to viral infections is mounting \[[@B13-vaccines-06-00043]\], so this subset may be a key target to induce through vaccination. Examples of memory T-cell populations supporting protection in natural immunity and in vaccine-induced immunity are numerous. We will discuss a select few here.

T-cell-mediated protection has been demonstrated in one licensed vaccine, BCG \[[@B18-vaccines-06-00043]\]. However, this protection is relatively short lived and so new vaccines against TB are needed. A novel vaccine, L91 was evaluated in mice and when combined with BCG in a prime-boost schedule, L91 elicited greater expansion of T~EM~ and T~CM~ populations as well as boosting efficacy compared to BCG alone \[[@B19-vaccines-06-00043]\]. Increased natural CD8^+^ T-cell responses to conserved internal viral antigens were associated with less severe illness during the 2009 H1N1 influenza pandemic \[[@B20-vaccines-06-00043]\]. Animal models have shown the importance of T-cells in controlling influenza infection and they can provide heterosubtypic protection \[[@B21-vaccines-06-00043]\]. Measles live attenuated vaccine, when administered to 6-month old infants, induces IFN-γ CD4^+^ in the absence of antibody responses which may help to protect against measles-associated mortality and morbidity \[[@B22-vaccines-06-00043]\]. As yet, no vaccine in human clinical trials has demonstrated protective efficacy through T-cell immunity alone.

3.1. Immunogenicity Requirements for Vaccine Licensure {#sec3dot1-vaccines-06-00043}
------------------------------------------------------

In the era of reverse vaccinology, we are yet to license a vaccine which elicits protection through T-cell mediated immunity alone. However, vaccines licensed in recent years and those close to licensure measure cellular immunology as part of their development in clinical trials, as recommended by both WHO and EMA guidelines \[[@B23-vaccines-06-00043],[@B24-vaccines-06-00043]\]. Therefore, what aspects of T-cell memory have been used in progress towards licensure of these vaccines?

Shingrix is a novel VZV glycoprotein E subunit vaccine approved for use in adults over 50 in US and Canada in October 2017 \[[@B25-vaccines-06-00043]\]. Most recently, and leading to licensure, Shingrix was shown to protect adults over the age of 70 against herpes zoster and postherpetic neuralgia. In this study, Shingrix induced CD4^+^ T-cell responses expressing at least two activation markers at 36-months which were seven-fold higher than at baseline. \[[@B26-vaccines-06-00043]\]. Earlier trials assessing safety and immunogenicity of Shingrix showed that it elicited higher levels of CD4^+^ cells expressing at least two activation markers up to 12 months post vaccination, compared to non-vaccinated controls \[[@B27-vaccines-06-00043],[@B28-vaccines-06-00043]\].

RTS,S is the leading vaccine candidate for malaria. Despite being trialled extensively over the last 10 years in Africa, it has not yet been licensed, mainly due to the fact that it provides only partial protection \[[@B29-vaccines-06-00043]\]. Despite this, it is now being piloted as a routine vaccination in three countries in West Africa, to assess feasibility and safety, with a view to licensure in the next few years \[[@B30-vaccines-06-00043]\]. Cell-mediated immunogenicity induced by RTS,S has been assessed after vaccination, where it has been shown to induce antigen-specific CD4^+^ cells expressing at least two activation markers. This same cell subset was higher in vaccine recipients who were protected from infection after challenge \[[@B31-vaccines-06-00043]\]. Despite the increased reporting of T-cell responses in vaccines recently licensed or close to licensure, T-cell parameters have not yet been used in the licensure process itself.

3.2. Factors to Consider in the Design of Vaccine Studies to Assess T-Cell Memory {#sec3dot2-vaccines-06-00043}
---------------------------------------------------------------------------------

Various factors must be considered when planning T-cell immunogenicity assessments post-vaccination. All of the factors listed here can impact establishment and/or measurement of T-cell memory to vaccination and may be dependent on the disease against which we are trying to protect. These factors have been reviewed comprehensively elsewhere as described in [Table 1](#vaccines-06-00043-t001){ref-type="table"}.

4. Methods to Assess T-Cell Memory in Vaccine Studies {#sec4-vaccines-06-00043}
=====================================================

Extensive reviews on how to perform T-cell assays to assess vaccine immunogenicity have been published previously \[[@B39-vaccines-06-00043],[@B40-vaccines-06-00043]\] and, therefore, we will not discuss these methods in detail. Instead we will describe briefly the advantages and disadvantages of well-established methods used in vaccine studies and explore more thoroughly newer technologies which are currently being used in, and which could be applied to, vaccine studies.

4.1. Advantages and Disadvantages of Established Methods to Assess T-Cell Immunogenicity {#sec4dot1-vaccines-06-00043}
----------------------------------------------------------------------------------------

The ELISpot assay is a gold standard method for quantifying antigen-specific cellular responses after vaccination in clinical trials \[[@B41-vaccines-06-00043]\]. The most widely used ELISpot in vaccine studies is the IFN-γ assay. Advantages of this assay include: It is high throughput, robust and economical, it can be easily standardised and validated, it can be adapted to use in pre-clinical i.e. mouse or non-human primate (NHP) studies and in human trials, both cells and supernatant can be recovered for further analysis, data is obtained from single cells, fine epitope mapping can be performed, and data analysis is straightforward \[[@B39-vaccines-06-00043],[@B42-vaccines-06-00043]\]. Disadvantages include the lack of information about cell phenotype and the fact that it is normally a single parameter (IFN-γ) readout. Two adaptations to the traditional IFN-γ ELISpot can be used to circumvent these disadvantages; the cultured ELISpot and fluorospot respectively \[[@B43-vaccines-06-00043]\]. The cultured ELISpot involves 10 days culture of lymphocytes in the presence of peptide and Il-2, compared with the standard ex vivo 18 h culture and, therefore, the cultured assay is thought to assess mainly T~CM~ \[[@B44-vaccines-06-00043]\]. Dual and triple colour fluorospot assays allow analysis of multiple cytokines, typically IFN-γ and IL-2, and commercial kits are available. However, they are more costly than standard ELISpot and require an automated reader with the relevant filters \[[@B45-vaccines-06-00043]\]. One application of the ELISpot into a diagnostic test is the T-SPOT, which is used in TB diagnosis and vaccine development to screen for TB \[[@B46-vaccines-06-00043]\].

Intracellular cytokine staining (ICS) and analysis by flow cytometry provides an advantage over ELISpot as they allow both multiparameter cytokine analysis and phenotyping from potentially millions of single cells \[[@B47-vaccines-06-00043]\]. Typically CD4^+^ and CD8^+^ T-cell populations are assessed along with cytokine expression allowing quantification of subsets, such as % of cytokine positive CD4^+^ cells, which is not achievable by ELISpot. Disadvantages of ICS and flow cytometry compared with ELISpot are that it is much more labour intensive, costs more per sample, requires fixation of cells such that they cannot be used for further assays, requires expensive specialist equipment to run samples, complex panel optimisation, more detailed data analysis using specific software, and is more difficult to validate \[[@B48-vaccines-06-00043]\]. Over 10 years ago, Seder and colleagues reviewed Th1 memory and implications for vaccine development, recommending the analysis of IFN-γ, TNF-α, and IL-2 by multiparameter flow cytometry to assess both effector and memory T-cells \[[@B49-vaccines-06-00043]\]. Additional cell surface markers can be utilised to assess memory phenotypes, for example CD45RO or CD45RA to phenotype naïve and memory T-cells in human PBMCs, and CCR7 or CD62L to differentiate between T~CM~ and T~EM~ \[[@B50-vaccines-06-00043]\]. CD69, an activation marker, can be used alongsideCD103 to identify T~RM~ in both mice and man \[[@B51-vaccines-06-00043]\].

Another flow cytometry-based assay, which has recently been described, is the activation-induced marker (AIM) assay. This assay can be performed in a similar way to ICS (see [Figure 1](#vaccines-06-00043-f001){ref-type="fig"}). However, rather than staining for intracellular cytokines, staining is performed for T-cell receptor-induced cell-surface markers including PDL1, CD25 and OX40. Different combinations of these markers were assessed for their ability to identify AIM^+^ T-cell populations \[[@B52-vaccines-06-00043]\]. Therefore, detection of antigen-specific T-cells is not dependent upon cytokine production, which may be very low in some T-cell subsets. The assay was initially developed to detect T-follicular helper cells, which are difficult to detect by ICS \[[@B53-vaccines-06-00043]\], but can also be used for CD4^+^ T-cell assessment after exposure to antigen by vaccination or infection \[[@B52-vaccines-06-00043],[@B53-vaccines-06-00043]\]. The use of an AIM assay in a vaccine clinical trial setting showed comparable sensitivity and specificity to ELISpot and ICS \[[@B54-vaccines-06-00043]\]. This study showed that AIM assays can be used to detect both CD4^+^ and CD8^+^ T-cells. Whilst CD8^+^ AIM responses correlated with CD8^+^ ELISpot and ICS responses, CD4^+^ AIM responses did not. This is likely due to the fact that AIM assays detect more CD4^+^ subpopulations, including Tregs and NKTs, compared with ICS which primarily detects CD4^+^ T~EM~. This study indicates that AIM assays can be used in vaccine studies to detect novel memory T-cell responses which are hard to enumerate by ICS alone.

4.2. Multiplex Cytokine Analysis {#sec4dot2-vaccines-06-00043}
--------------------------------

Whilst both ELIspot and ICS have a clear role in quantifying T-cell responses, there are a range of newer tools which can be applied to assess T-cell responses to vaccination, both pre-clinically and in clinical trials. A number of these tools assess multiple parameters, rather than one, two or three cytokines. The datasets generated by such analyses require more detailed analysis compared to ELISpot or triple cytokine analysis by ICS, however, the data generated by such analyses can provide much greater information about vaccine responses and helps to generate a bigger picture.

Here we discuss three platforms which measure soluble analytes, essentially providing a multiplex ELISA. Luminex, LegendPlex and Meso-Scale Discovery (MSD) systems can all be used to quantify cytokine levels in cell culture supernatant, tissue homogenate, plasma or serum. A summary of the technical aspects of each of these platforms is provided in [Table 2](#vaccines-06-00043-t002){ref-type="table"}. In terms of T-cell responses after immunisation, multiple cytokine analysis of supernatant from PBMCs stimulated with vaccine antigen peptides, such as that from ELISpot assay, would provide a valuable dataset. We also discuss two platforms based on flow cytometry, which analyse markers in cellular samples, CHIP Cytometry and CyTOF. A summary of the technical aspects of both of these platforms is provided in [Table 3](#vaccines-06-00043-t003){ref-type="table"}.

### 4.2.1. Luminex {#sec4dot2dot1-vaccines-06-00043}

Luminex assays allow multiple cytokine analysis using different fluorescent (red and infrared) beads. Each bead subset is conjugated to capture an antibody specific for a cytokine, chemokine or disease biomarker. Samples such as serum or cell supernatant, are added, and the relevant analyte binds to the relevant antibody coated bead. Biotinylated detection antibody, also specific for the relevant analyte, is applied. The reporter, streptavidin conjugated PE, is then added. Samples are run on a dedicated machine which allows detection of the analyte through the bead fluorescence and quantity of the analyte through PE detection \[[@B55-vaccines-06-00043]\]. A number of companies offer kits and machines to allow assessment of cytokines via Luminex, including MerckMillipore, Bio-Rad and ThermoFisher Scientific. Depending on the instrument and kit used, a maximum of 50--80 cytokines can be investigated. Luminex technology has been used in pre-clinical and clinical studies to aid exploration of cytokine profiles induced by vaccination. For example, King and colleagues describe different cytokine patterns induced by co-administration through different immunisation routes of an HIV vaccine in mice. These results indicate that different routes of administration could be used to elicit the desired cellular response from the vaccine \[[@B56-vaccines-06-00043]\]. During the development of a vaccine for grass-pollen allergy, cytokine profiles in PBMCs from allergy sufferers were compared after stimulation with the vaccine proteins compared to grass pollen extract. The vaccine induced reduced release of pro-inflammatory cytokines compared to pollen, showing promise for this vaccine in allergy sufferers \[[@B57-vaccines-06-00043]\]. Cytokine networks were investigated after vaccination with increasing doses of VSV-ZEBOV in a Phase I trial, and increasing cytokine activity was seen with increasing dose, which will help inform dose selection for future studies \[[@B58-vaccines-06-00043]\].

### 4.2.2. LegendPlex^TM^ {#sec4dot2dot2-vaccines-06-00043}

The principle behind the LegendPlex^TM^ assay, made by BioLegend, is similar to that of Luminex in that it uses beads with differing levels of APC fluorescence conjugated to an analyte-specific antibody. It also uses biotinylated capture antibody and strepdavidin-PE reagent for detection of a sample. LegendPlex^TM^ also uses two different sized beads, so different analytes are distinguished based on colour and size \[[@B59-vaccines-06-00043]\]. Unlike Luminex, the assay does not require a dedicated machine; it can be run on a flow cytometer, although it does require the purchase of specialist analysis software. However, fewer analytes can be multiplexed compared to Luminex platform. This platform provides an attractive alternative to Luminex for a laboratory which already has a dedicated flow cytometer and does not have funds to invest in a new piece of hardware. For example, Copland et al. used LegendPlex^TM^ to assess T-cell cytokine levels in stimulated splenocytes from mice vaccinated with a fusion protein TB candidate. Cytokine levels were higher in mice vaccinated with the new candidate compared with BCG, showing increased immunogenicity of the new vaccine \[[@B60-vaccines-06-00043]\].

### 4.2.3. Meso Scale Discovery {#sec4dot2dot3-vaccines-06-00043}

Meso Scale Discovery (MSD) assays work using electrochemiluminescence. Capture antibody is bound to carbon electrodes, sample is applied, and detection antibody conjugated to electrochemiluminescent labels. Samples are run on a dedicated plate reader; electricity is applied to the plate results in light emission from the conjugate, which is measured for quantification. Multiplexing is achieved by having up to 10 spots within the wells of the 96-well plate, each of which has a different detection antibody conjugated to it \[[@B61-vaccines-06-00043]\]. A greater number of analytes can be assessed by using multiple plates and plates are customisable. In our experience, MSD assays are much quicker and simpler to run compared with Luminex, especially in terms of the time spent reading plates on the machine; an MSD plate takes only a couple of minutes rather than up to an hour for Luminex. Sample volumes required are similar and cost for a similar number of cytokines is similar. One disadvantage of MSD is that 10 cytokines can be done per plate, so multiplexing of more cytokines requires more plates. Data analysis for MSD is slightly more time consuming compared with Luminex, for which much of the data analysis is done in real time on the machine. One advantage of MSD is that the software is free; so plates can be read and then analysed off site at a later date. Both MSD and Luminex technologies have been validated and compared for human cytokine profiling \[[@B62-vaccines-06-00043]\]. MSD technology has been used to assess cytokine responses to influenza vaccination with different adjuvants in a mouse study \[[@B63-vaccines-06-00043]\].

### 4.2.4. CHIP Cytometry {#sec4dot2dot4-vaccines-06-00043}

Chipcytometry allows storage of cellular samples in a small chip which can be analysed by a microscopic flow cytometric method at a later date. Cycles of staining, imaging and bleaching allow multiple rounds of analysis, leading to multiplexing \[[@B64-vaccines-06-00043]\]. Advantages of this method over flow cytometry include the fact that samples can be stored in their chips for up to 2 years either before analysis or after initial analysis for further analysis at a later date without the loss of biomarkers \[[@B65-vaccines-06-00043]\]. This means that samples from a clinical trial could all be biobanked in chips, and all analysed for multiple cytokine and cell immunophenotyping markers, rather than processing each sample on a day-by-day basis, as is the case for many laboratories, with flow cytometry. This technology could have potential in assessing T-cell phenotypes in clinical trials to assess vaccine immunogenicity. It has been used recently in a comparison against flow cytometry methods in assessing cerebrospinal fluid samples from a cohort of patients \[[@B66-vaccines-06-00043]\].

### 4.2.5. CyTOF {#sec4dot2dot5-vaccines-06-00043}

Time of flight (TOF) mass cytometry allows the evaluation of more than 40 markers per cell. Instead of labelling with fluorescently conjugated antibodies, cells are labelled with different metal isotope-tagged antibodies. When running samples on the dedicated mass cytometer, each cell is vaporized and metal ions are resolved to produce a mass spectrum. Data from each metal ion relates to the cytokine or cellular parameter in the same way that a detected signal within an emission spectrum does in flow cytometry \[[@B67-vaccines-06-00043]\]. One disadvantage of this technology is that it does not have the capacity for forward or side scatter and so cell size and density cannot be assessed. However, there is little compensation required and autofluorescence does not occur. Single cell CyTOF has been used to analyse T-cell functionality in a subset of volunteers in a trial assessing T-cell memory to Hepatitis C virus vaccination. These authors showed a progressive increase in CD8^+^ polyfunctionality post-vaccination. They also validated this CyTOF approach, showing that it correlated to flow cytometric methods \[[@B68-vaccines-06-00043]\].

4.3. Omics Approaches {#sec4dot3-vaccines-06-00043}
---------------------

Omics approaches have the potential to aid the discovery of novel correlates of protection in combination with traditional analyses such as cytokine levels \[[@B69-vaccines-06-00043]\]. Omics technologies add to the "systems vaccinology" approach to enable further understanding of the immune responses to vaccination \[[@B70-vaccines-06-00043]\].

DNA and protein microarrays have been used previously for the evaluation of vaccine-specific induced responses \[[@B71-vaccines-06-00043]\]. However, these assays require prior knowledge of the protein or DNA targets of interest and technical expertise for assay set up, when compared to RNA-seq or proteomics. For a bacterial pathogen such as TB which expresses thousands of proteins, a protein microarray is a valuable tool \[[@B72-vaccines-06-00043]\]. It can be used as a correlate of protection to investigate how responses differ after BCG vaccination \[[@B73-vaccines-06-00043]\].

In terms of immunogenicity, RNA-seq analysis post vaccination will add valuable information regarding up and down regulation of parameters other than cytokines and cell surface markers, such as transcription factors, as there is no selection bias---all transcripts within a cell are analysed \[[@B74-vaccines-06-00043]\]. However, one challenge with RNA-seq approaches is the skill set and huge time involved in analysing these datasets, compared with cytokine analyses described above. The cost and application of RNA-seq analysis to clinical trial settings is a huge commitment; however, these analyses will become standard in the coming years. Using a single cell RNA-seq approach, Afik and colleagues describe subpopulations of yellow fever virus specific CD8^+^ T-cells exhibiting 'naïve-like' and T~EM~ profiles in a volunteer vaccinated against yellow fever \[[@B75-vaccines-06-00043]\]. This kind of study allows in-depth analysis of T-cell populations that are not possible though cytokine analyses alone, as other cellular pathways can also be explored. Transcriptional signatures and epigenetics of T-cell memory populations have been described \[[@B76-vaccines-06-00043]\]; there are some examples of transcriptomic signatures in vaccine studies which predict vaccine efficacy \[[@B77-vaccines-06-00043]\]. Immunopeptidomics, which involves analysing the peptides presented by MHC molecules using mass spectrometry, could help identify T-cell antigens for inclusion in new vaccines and T-cell subsets generated by particular vaccines \[[@B78-vaccines-06-00043]\].

5. Quantifying T-Cell Memory at Different Stages of Vaccine Development {#sec5-vaccines-06-00043}
=======================================================================

Many of the methods to assess T-cell memory discussed above can be used in both pre-clinical studies and in the clinic. Pre-clinical vaccine development typically involves immunogenicity testing in one or two animal species, often mouse and NHPs. Challenge studies, where a model is available, give valuable information regarding efficacy. Promising candidates can then move forward into clinical trials. Ideally, approaches for assessing T-cell immunogenicity will be applicable across all the stages of vaccine development, e.g., ex vivo assays such as ELISpot which can be performed on PBMCs after blood sampling. However, there are both technical and logistical aspects to consider.

5.1. Pre-Clinical Methods to Better Inform Clinical Trials {#sec5dot1-vaccines-06-00043}
----------------------------------------------------------

Given that so many vaccines are efficacious at the pre-clinical stage, but show lower than expected efficacy in clinical trials, are there new methods which could be utilised at the pre-clinical stage and in early clinical trials to inform about better potential efficacy at the later clinical stage? Limitations at the pre-clinical stage include differences in the markers used in flow cytometry to assess memory T-cell subsets. CD44 can be used in mice to differentiate naïve from T~EM~ and T~CM~, however, CD45RO is used in humans. CD62L can be used in both species to differentiate between T~EM~ and T~CM~ \[[@B50-vaccines-06-00043],[@B79-vaccines-06-00043]\], and therefore trying to optimise flow cytometry panels which can be used from pre-clinical to clinical stages of vaccine development would be useful.

It is imperative to consider that mice do not replicate the human response to vaccination, and so carefully choosing the mouse model to use in pre-clinical studies is paramount. Many mouse strains are inbred, e.g., BALB/c and C57Bl/6, which are both commonly used to assess vaccine efficacy. Due to their genetic identity, small numbers of these animals can be used in immunogenicity experiments, as the variation throughout the population is low. However, outbred mice, such as CD1 mice, more accurately represent the human population, since they are genetically more heterogeneous. Ideally, vaccine immunogenicity and efficacy should be tested in outbred mice \[[@B80-vaccines-06-00043]\], although larger group numbers are required. Immunodominant epitopes to particular vaccine antigens exist in inbred strains of mice. For example, the Pb9 epitope found in *Plasmodium berghei* circumsporozoite protein (CSP) is MHC restricted by H-2K^d^ in Balb/c. Vaccination with CSP in Balb/c mice induces protective CD8^+^ responses \[[@B81-vaccines-06-00043]\]. Whilst Pb9 is a useful model epitope in the malaria mouse model, it cannot be used to predict antibody-mediated protection against malaria in humans for CSP vaccines \[[@B29-vaccines-06-00043]\].

One example of promising pre-clinical T-cell data in a vaccine study which has aided the progression to clinical trials is the heterosubtypic influenza vaccine. The goal of this vaccine is to induce long lived immunity against multiple subtypes of influenza virus. Viral vectored vaccines expressing internal viral antigens, NP and M1, have been developed and elicit potent T-cell responses to the internal antigens and afford partial protection to influenza infection in preclinical studies \[[@B82-vaccines-06-00043],[@B83-vaccines-06-00043]\]. MVA-NP+M1 has been used in clinical trials to assess dose escalation \[[@B84-vaccines-06-00043]\], immunogenicity in different age groups \[[@B85-vaccines-06-00043]\], efficacy \[[@B86-vaccines-06-00043]\], and its ability to boost seasonal influenza vaccine immunogenicity through a co-administration study \[[@B87-vaccines-06-00043]\]. The current study, INVICTUS, will assess the efficacy of the MVA-NP+M1 vaccine co-administered with the seasonal influenza vaccine. Control subjects receive only seasonal influenza vaccine. Two-thousand participants will be recruited locally over two consecutive influenza seasons. T-cell immunogenicity in a subset of 100 volunteers will be assessed by IFN-γ ELISpot and ICS \[[@B88-vaccines-06-00043]\].

5.2. Limitations of Clinical Studies {#sec5dot2-vaccines-06-00043}
------------------------------------

### 5.2.1. Availability of Sample Types {#sec5dot2dot1-vaccines-06-00043}

A benefit of pre-clinical studies is that different sites can be sampled, for example, lymph node and spleen can be assessed for T~CM~ and T~EM~ and non-lymphoid tissues can be assessed for T~RM~. In clinical studies, blood is usually drawn and PBMC assessed for memory populations. In terms of vaccine efficacy, the T-cells poised for pathogen clearance are likely to be found outside the periphery, at sites of disease. For pre-clinical studies assessing liver-stage malaria candidates, assessment of the T-cell compartment in the liver is assessed \[[@B89-vaccines-06-00043]\]. Translating this into clinical trials will be possible through liver fine needle aspiration, a method which has been used to assess immune phenotype in the liver compared to the periphery \[[@B90-vaccines-06-00043]\]. Sampling of other non-peripheral sites in humans is challenging but is more frequently being achieved. Assessment of multiple sites at the pre-clinical stage allows for the comparison between responses seen at different sites. For example, ELISpot and ICS in mouse studies are often performed using splenocytes. Performing such experiments in PBMCs as well, more challenging as cell yield is lower, would allow differences between the periphery and secondary lymphoid organs to be identified.

### 5.2.2. Quantity of Sample Available {#sec5dot2dot2-vaccines-06-00043}

In adult studies, the volume of blood taken for immunogenicity assessment (typically 40--50 mL) is normally more than sufficient to carry out immunogenicity analyses. However, in older adults PBMC yield per ml of blood is often lower compared to younger adults. We found this to be true in our current ongoing trial to assess the efficacy of heterosubtypic influenza vaccine in over 65s \[[@B88-vaccines-06-00043]\] compared to other ongoing studies in 18--45 age groups. In such cases, assay limits must be carefully set, for example, the number of CD3^+^ events in flow cytometry must be above the lower quality control limit. At the other end of the age spectrum, blood sampling in paediatric studies often yields just a few millilitres of blood, although numbers of lymphocytes per ml are higher than in adults. Therefore, assays to be performed on these samples must be carefully designed. Bliss and colleagues used small volumes of blood (4 mL) to successfully perform both ELISpot and ICS analysis from PBMCs in children and infants post malaria vaccination \[[@B91-vaccines-06-00043]\]. Whole blood ICS assays can also be performed on small volumes of blood, as shown in a BCG vaccination study \[[@B92-vaccines-06-00043]\], and can be applied to vaccination studies in neonates and infants \[[@B93-vaccines-06-00043]\].

5.3. Technical Considerations in Clinical Trials {#sec5dot3-vaccines-06-00043}
------------------------------------------------

Pre-clinical and early stage clinical studies may be performed within one laboratory, by one or two operators and often with coordinated time points. Later stage clinical trials are often carried out over many months or years, across multiple sites and with multiple operators. To ensure quality and consistency across a clinical trial a number of factors must be considered before implementation of the trial can begin.

### 5.3.1. Fresh versus Frozen Samples {#sec5dot3dot1-vaccines-06-00043}

In an ideal situation, all samples should be processed fresh. However, due to logistics, PBMC samples are often frozen for analysis at a later date. Whilst this may have some benefit, in that all samples could be processed at the same time, there are also drawbacks. For example, comparison of T-cell responses by ICS to the same vaccine regimen in the same age group across two different trials, performed in different geographical areas, in which one trial used frozen and one fresh PBMCs for the assay, must be done with an element of caution. This is because there is evidence from a malaria vaccine study that antigen-specific IFNγ producing CD4^+^ T-cells were reduced three to five-fold after freeze-thaw compared with fresh. However, CD8^+^ populations remained mostly unaffected \[[@B94-vaccines-06-00043]\]. This effect may not be seen for viral antigens, as fresh and frozen PBMCs were used in ELIspot assays in an HIV vaccination study \[[@B95-vaccines-06-00043]\]. However, use and comparison of fresh and frozen samples must be considered in vaccine study design.

### 5.3.2. Performing Assays across Multiple Sites {#sec5dot3dot2-vaccines-06-00043}

During later stage clinical trials, studies are likely to be performed in multiple sites or in field sites which do not always have extensive equipment capabilities. In some cases it may be necessary to perform initial sample processing on site or on multiple sites, before freezing samples and shipping them to a centralised location. The benefit here is that all assays can be performed in a centralised laboratory; however, responses from frozen cells may be reduced, compared to using fresh cells, as described above. On the other hand, there are benefits of on-site analysis for the infrastructure and scientific community around the study site. For example, in trials for Ebola, Malaria and TB carried out in at-risk populations, ELISpots are performed fresh at many field sites. If an ELISPot plate reader is available on site, data acquisition and analysis can also be carried out on site. If not, ELISpot plates can be shipped elsewhere for analysis.

For experiments assessing multiple cytokine analysis, where the sample is often frozen prior to analysis regardless of location, analysis in a centralised location may be preferable over analysis in different locations. This is because a study by Crabb Breen and colleagues showed significant differences between laboratories in cytokine analysis from Luminex and MSD platforms \[[@B96-vaccines-06-00043]\]. One example of assay standardisation in clinical trials across sites is provided by Kimani et al, describing a multi-centre clinical trial of a candidate malaria vaccine. Trials were performed in Kenya, the Gambia and Oxford with all cellular assays performed ex vivo on site; batch tested reagents were distributed across all sites and data analysis was checked centrally \[[@B97-vaccines-06-00043]\]. Extensive scientific capacity building in Africa has meant that most clinical trial field sites could readily obtain the capability to perform ICS and ELISpot assays in situ, if not already available.

### 5.3.3. Reagents and Equipment {#sec5dot3dot3-vaccines-06-00043}

In order to ensure consistency and continuity throughout clinical trials, batch testing of reagents should be performed. Reagents such as peptides for stimulation in ICS and ELISpot, fetal calf serum for preparation of media, ELISpot plates and antibodies for ICS and ELISpot could be considered. Each new batch should be tested alongside a previously tested batch using cells from the same volunteer. The coefficient of variance of the results between the two batches should be within the pre-specified range for the trial for the new batch to be acceptable for use in the trial. This should minimise any differences in T-cell immunogenicity results throughout the duration of the trial.

Appropriate calibration of equipment must also be performed to ensure results are analysed consistently over the course of a clinical trial. For example, an ELISpot plate reader could be calibrated monthly to ensure that machine performance is consistent. The stage and camera should be calibrated each time a batch of plates is read to ensure the area of the wells being read is consistent. The settings used for detecting spots should be consistent. Using a template with pre-defined settings for spot size and intensity will help ensure that data acquisition is performed consistently across a clinical trial.

5.4. Assay Validation {#sec5dot4-vaccines-06-00043}
---------------------

All of the technical considerations discussed above must be taken into account when performing assay validation for a clinical trial. One of the key tasks when moving from pre-clinical to clinical trials is whether the assay of choice is validated and whether assay validation needs to be performed. Assay validation is defined as "objective evidence that a method fulfills the requirements for its intended use" and guidance for parameters on which to assess the assay in order to validate are available \[[@B98-vaccines-06-00043]\]. The primary endpoint assay in a clinical trial must be validated for GCP compliance. For example, if the primary endpoint assay to measure vaccine immunogenicity is an ELISpot assay, then that assay should be validated.

After validation, an assay can be carried out across multiple sites with greater precision, thus addressing some of the issues raised above regarding sample processing across different laboratories. Quality control of a dataset is imperative before publication of results of a clinical trial. This may involve checking a percentage of the raw data for a study. A number of collaborative organisations, such as FLUCOP \[[@B99-vaccines-06-00043]\] and TRANSVAC \[[@B100-vaccines-06-00043]\], exist with the aim of harmonising assays across sites and trials. For example, duplicate assays might be performed for one or two samples for submission to a harmonisation body so that they can assess assay quality in different laboratories over time.

5.5. Efficacy Studies {#sec5dot5-vaccines-06-00043}
---------------------

One very important question is how does vaccine-induced T-cell immunogenicity relate to efficacy? In pre-clinical studies this can be assessed with adoptive transfer and challenge studies. Challenge studies can also be performed in clinical trials for diseases which have treatments available such as malaria and bacterial infections such as *S. typhi*. In pre-clinical vaccine studies for malaria, IFNγ producing CD8^+^ T-cells were induced and led to protection \[[@B101-vaccines-06-00043]\]. A controlled human malaria infection trial carried out within our institute found that protection correlated with antigen-specific IFNγ producing CD8^+^ T-cells after vaccination with viral vectors expressing pre-erythrocytic antigens \[[@B102-vaccines-06-00043]\].

5.6. Longevity Studies {#sec5dot6-vaccines-06-00043}
----------------------

Phase IV trials aim to assess safety and have a role in pharmacovigilance, once a vaccine is licensed. Other studies carried out post-licensure can assess T-cell immunogenicity in smaller populations. In a recent study, participants received yellow fever vaccine after which deuterium labelling was used to monitor virus-specific CD8^+^ cells longitudinally. This paper utilises some of the methods described above which could be applicable in vaccine development. Transcriptional profiling and epigenetic analysis of naïve CD8^+^ cells and vaccine-specific T-cell subsets longitudinally showed that long-lived vaccine-specific T-cells do not express effector molecules, but their epigenetic signature resembles that of effector populations \[[@B103-vaccines-06-00043]\]. Therefore, this suggests that vaccine developers could use similar methods to those described above to evaluate vaccine-specific T-cells post-licensure.

6. Conclusions {#sec6-vaccines-06-00043}
==============

Whilst the conventional methods for evaluating T-cell responses to vaccination are effective and reliable, they are relatively one-dimensional. Multiparameter analysis is possible and vaccine immunogenicity studies are reporting transcriptional profiling and multiple cytokine analyses with increasing frequency. Progression of vaccine candidates from the laboratory into the clinic and ultimately to the public will be aided by these approaches. To do this, technical aspects such as sample availability and assay validation must be considered. Having the tools in place to identify and evaluate protective memory T-cell responses can accelerate a vaccine from the laboratory to the target population.
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vaccines-06-00043-t001_Table 1

###### 

Factors to consider when planning vaccine studies.

  Factor                                             Example                                                        References
  -------------------------------------------------- -------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------
  Vaccine Platform                                   Protein, VLP, DNA vaccine, viral vector, use of adjuvant       \[[@B32-vaccines-06-00043],[@B33-vaccines-06-00043],[@B34-vaccines-06-00043],[@B35-vaccines-06-00043]\]
  Vaccine Regimen                                    Prime only, Homologous or Heterologous Prime-Boost             \[[@B36-vaccines-06-00043]\]
  Route of administration                            Intramuscular, subcutaneous, intranasal, sublingual, aerosol   \[[@B37-vaccines-06-00043],[@B38-vaccines-06-00043]\]
  Timing of sampling for immunogenicity assessment   Hours, days or weeks post immunisation                         \[[@B36-vaccines-06-00043]\]

vaccines-06-00043-t002_Table 2

###### 

Comparison of platforms which allow multiplex analysis of soluble samples.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Technical Aspect                                          Luminex                                           LegendPlex^TM^                                                Meso Scale Discovery
  --------------------------------------------------------- ------------------------------------------------- ------------------------------------------------------------- ------------------------------------------
  Principle of assay                                        Fluorescent beads                                 Fluorescent beads                                             Electrochemiluniscence

  Bead based?                                               Yes                                               Yes                                                           No

  Plate based?                                              Yes                                               No                                                            Yes

  Species available                                         Human, mouse, rat, NHP, canine and others         Human, mouse, rat, NHP                                        Human, mouse, rat, NHP

  Maximum Number of Analytes                                50--80                                            13                                                            10 per plate

  Minimum Sample volume required                            12.5 µL or 25 µL, depending on kit manufacturer   Supernatant---25 µL\                                          12.5 µL
                                                                                                              Serum/plasma---12.5 µL                                        

  Number of tests/samples                                   39 per plate (performed in duplicate)             100 tests per kit                                             40 per plate (performed in duplicate)

  Estimated sample preparation time including incubations   4--5 h                                            4--5 h                                                        4.5--5 h

  Estimated cost per multiplex plate/kit                    £1000--5000                                       \~£1000                                                       £1000--1500

  Data Acquisition time                                     \~1 h per plate                                   As for flow cytometry: 2--3 min per sample plus set up time   \<5 min per plate

  Dedicated data Acquisition instrument?                    Yes, e.g.,\                                       No,\                                                          Yes,\
                                                            Magpix, Luminex 200, FLEXMAP 3D                   Flow cytometer that can detect PE and APC                     SECTOR range of instruments or Quickplex

  Data analysis software                                    xPONENT, usually purchased with instrument        LEGENDplex™ data analysis software---Free Download            MSD Discovery workbench---Free Download
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

vaccines-06-00043-t003_Table 3

###### 

Comparison of platforms which allow multiplex analysis of cellular samples.

  Technical Aspect                         CHIP Cytometry                                          CyTOF
  ---------------------------------------- ------------------------------------------------------- --------------------------------------
  Principle of assay                       Flow Cytometry                                          Mass spectrometry
  Species available                        Human                                                   Human. Mouse
  Number of Analytes                       90+                                                     40+
  Assay volume/cell number                 100 µL per chip                                         Human PBMC assay: 3 × 10^6^
  Dedicated data Acquisition instrument?   Yes, ZellScanner ONE™ (manual) or CYTOBOT (automated)   Yes, Helios or CyTOF^®^ 2 Instrument
  Data analysis software                   ZellExplorer                                            Cytobank
